To initiate resistance switching phenomena, it is usually necessary to apply a strong electric field to a sample. This forming process poses very serious obstacles in real nanodevice applications. In unipolar resistance switching (URS), it is well known that the forming originates from soft dielectric breakdown. However, the forming in bipolar resistance switching (BRS) is poorly understood. In this study, we investigated the forming processes in Pt/Ta 2 O 5 /TaO x /Pt and Pt/TaO x /Pt nanodevices, which showed BRS and URS, respectively. By comparing the double-and single-layer systems, we were able to observe differences in the BRS and URS forming processes. Using computer simulations based on an 'interface-modified random circuit breaker network model', we could explain most of our experimental observations. This success suggests that the BRS forming in our Pt/Ta 2 O 5 /TaO x /Pt double-layer system can occur via two processes, i.e., polarity-dependent resistance switching in the Ta 2 O 5 layer and soft dielectric breakdown in the TaO x layer. This forming mechanism can be used to improve the performance of BRS devices. For example, we could improve the endurance properties of Pt/Ta 2 O 5 /TaO x /Pt cells by using a small forming voltage.
Introduction
Resistance switching (RS) phenomena refer to alternating changes between two metastable resistance states driven by an external voltage [1] [2] [3] . Since the early 1960s, RS phenomena have been observed in numerous material systems, including binary oxides, complex perovskite oxides, sulfides, semiconductors, and organics [1] . In the 1960s, Hiatt and Hickmott had already mentioned the possible use of the RS phenomena in memories [4] . Such a possibility became realized later in nonvolatile memory devices, called 'resistance random access memory (RRAM)' [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Recently, Strukov et al noted that RS devices, such as Pt/TiO 2 /Pt cells, could be considered 'memristors', which had been regarded as the missing fourth fundamental circuit element [9] [10] [11] [12] [13] [14] . Some researchers proposed using RS devices as adaptive electronic components, because their learning behaviours resemble those of the human brain [23] [24] [25] . Consequently, there has been a flurry of investigation into RS phenomena because of the inherent scientific interest and the potential for practical applications .
Forming is required to initiate the RS phenomena for most samples . It should be noted that most as-grown cells do not show the RS phenomenon. To observe the RS phenomenon, we must apply a large voltage (or a large current) to a pristine cell. This process generates conducting channels throughout the cell, which provide the current pathway for the following RS operations. Although forming is essential for most RS phenomena, there has been little investigation into it because many highly uniform samples are required, as described in section 3.1. Moreover, forming usually requires an operating voltage that is significantly larger than those for RS between the metastable states . Because it is difficult to control and frequently damages the cells [11, 22] , the forming process is considered a large obstacle to the realization of RRAM applications.
RS phenomena can be separated into two types based on their electric polarity dependence . In unipolar RS (URS), the corresponding current-voltage (I-V) curves are quite symmetric and both resistance changes between insulating and conducting states can occur in any polarity. So, only one voltage polarity is needed for its operation. In bipolar RS (BRS), the curves are quite asymmetric and a change from insulating to conducting state can occur in one polarity and the reverse change can occur in the opposite polarity. So, both polarities are required.
During the URS forming process, soft dielectric breakdown can occur via a percolation process across the cell [27] [28] [29] . We suggested that the conducting channels formed by the soft dielectric breakdown will have a fractal structure, which could explain the voltage-/current-driven RS [20] , the wide distribution of set and reset voltages [20, [30] [31] [32] , multilevel switching [33] , the scaling behaviours of the reset voltages and currents [30] [31] [32] , and the large 1/f noise [34] . Due to the nature of the percolation process, the required forming voltage V F is large and always accompanied with very large fluctuations [30] [31] [32] . These characteristics of V F pose drawbacks in the application of URS in RRAM. By comparison, BRS forming process usually do not reveal such drawbacks related to V F . However, BRS forming still possesses some undesirable characteristics, including effects on device reliabilities [11, 35, 36] , and its mechanism is not yet fully understood. Therefore, for successful bipolar RRAM operations, the basic mechanism of BRS forming must be fully understood so that successful methods to control it can be developed.
Here, we report our systematic studies on BRS forming in Pt/Ta 2 O 5 /TaO x /Pt cells. Note that Pt/TaO x /Pt cells show URS [37] , in which the forming is known to originate from the soft dielectric breakdown [27] [28] [29] . We selected Pt/Ta 2 O 5 /TaO x /Pt cells as a model system because BRS can be easily obtained by inserting a thin insulating Ta 2 O 5 layer [37] . Comparative studies with Pt/Ta 2 O 5 /TaO x /Pt and Pt/TaO x /Pt cells provide an opportunity to understand BRS forming based on the comparatively well-established forming mechanism of URS. In addition, Pt/Ta 2 O 5 /TaO x /Pt cells were selected because they have significant potential in real applications [15] . Recently, Lee et al demonstrated that Pt/Ta 2 O 5 /TaO x /Pt nanodevices possess excellent BRS properties, including fast switching, high scalability, long retention, and high endurance [15] . Therefore, our findings on the BRS forming of Pt/Ta 2 O 5 /TaO x /Pt cells can advance potential applications as well as providing deeper insight into its physical mechanisms.
Experimental method
We fabricated Pt/Ta 2 O 5 /TaO x /Pt and Pt/TaO x /Pt cells with the cell geometries shown in figures 1(a) and (d), respectively. We first deposited 50 nm thick bottom Pt electrode layers on Ti (10 nm)/SiO 2 (500 nm)/Si substrates by RF magnetron sputtering. We then grew 40 nm thick TaO x layers on the Pt layers using reactive RF magnetron sputtering. The TaO x layers were grown at 3% oxygen partial pressure in an Ar + O 2 gas flow of 5 mTorr total pressure and at a substrate temperature of 400 • C. To insert the Ta 2 O 5 layer, plasma annealing was carried out at 500 • C in a chamber with argon and 10% oxygen plasma. Analysis showed that with 5 min of oxygen plasma exposure, the approximately 10 nm thick top TaO x layer was transformed into a stoichiometric Ta We measured the I-V characteristics at room temperature using an Agilent 4155C semiconductor-parameter analyser. During all the electrical measurements, we grounded the bottom Pt electrodes and applied the voltage to the top Pt electrodes. We swept the voltage for 4 s. We applied a pulse signal to the cells using a Yokogawa FG200 synthesized function generator. To confirm forming, we monitored the output current simultaneously throughout the cell using a Yokogawa DL7100 digital oscilloscope. To prevent deformation of the signal shape by impedance mismatching, we let the pulse voltage pass through an nF HSA4101 high-speed bipolar amplifier. It should be noted that our Pt/Ta 2 O 5 /TaO x /Pt cells have very high uniformity in their electrical properties. It is difficult to investigate forming because it is an irreversible process. That is, after we apply V F to any cell, conducting channels form. These channels will be broken and reconnected by the following operations, but cannot be removed completely [20] [21] [22] . Therefore, to experimentally investigate the basic mechanism of forming, each pristine cell can only be used once in forming studies. This means that many cells with very similar RS characteristics are required to reduce the large fluctuations in the statistical averages and thereby obtain meaningful data. To test the uniformity of our cells, we randomly chose about 100 cells that had been fabricated in the same batch and measured their I-V curves. At −3 V, their current values remained nearly the same at −2.5 nA with a standard deviation of 4%. This excellent uniformity allowed us to study the intriguing behaviour of BRS forming in Pt/Ta 2 O 5 /TaO x /Pt cells.
URS forming characteristics in Pt/TaO x /Pt cells
The I-V curves for the Pt/TaO x /Pt cells exhibited URS. The pristine cells were in the insulating state. As indicated by the black line in figure 2(a), forming could be driven by applying a negative V F of around −5 V. Just after this forming, the Pt/TaO x /Pt cell was in a conducting (on-) state. When we applied a negative voltage again, it reset into an insulating (off-) state, a process known as 'reset'. By applying a higher negative voltage, we could change the cell back into the on-state, a process known as 'set'. To avoid permanent Joule heating damage of the cell, we needed to externally limit the compliance current flow, I comp , during both the forming and the set processes. In this experiment, we used an I comp of −30 mA. As shown in figure 2(b), the I-V curves are quite symmetric about the change in voltage polarity, indicating that the RS in the Pt/TaO x /Pt cell is unipolar.
It should be noted that just after URS forming, the Pt/TaO x /Pt cells enter the on-state irrespective of the V F polarities. Figure 2 same is true when positive V F is applied. These results are schematically depicted in figure 2(c). Similar observations have also been made in many other URS systems [20, 21] . figure 3(a) , the current flow increased suddenly when we applied a negative V F of around −4 V. After this forming, the Pt/Ta 2 O 5 /TaO x /Pt cell was in the on-state. The reset process occurred when we applied a positive voltage of about +4 V. The set process then occurred when we applied a negative voltage of around −2 V. During these BRS forming and set processes, the self-limited current flow naturally occurred at a value of about −0.3 mA. It should be noted that the Pt/Ta 2 O 5 /TaO x /Pt cells require both voltage polarities to change reversibly between on-states and off-states, indicating that their RS is bipolar.
In contrast to URS, the Pt/Ta 2 O 5 /TaO x /Pt cells enter different resistance states just after BRS forming, depending on the V F polarities. Figure 3(a) shows that by applying a negative V F , the BRS cell enters the on-state, again indicated by a star symbol. As shown in figure 3(b) , the cell enters the off-state when a positive V F is applied, as indicated by the diamond symbol. Note that the magnitude of positive V F is much larger than that of negative V F . This asymmetry in the BRS forming is closely related to the Ta 2 O 5 layer, which breaks the symmetric geometry of the Pt/TaO x /Pt cell, as shown schematically in figure 3(c). A similar phenomenon was reported for BRS in TiO 2 systems by Yang et al [10, 11] .
Other differences between BRS and URS forming
During the BRS forming process, the current change for negative V F is considerably more abrupt than that for positive V F . As shown in figure 3(a) , the current jumps abruptly from 70 nA to 200 µA (i.e., by four orders of magnitude) when a negative V F is applied. On the other hand, as shown in figure 3(b) , the current increases much less abruptly from 1.5 mA to 2.2 mA when a positive V F is applied. Conversely, during the URS forming process, as shown in figures 2(a) and (b), the current changes at V F are nearly the same for both polarities.
When a negative V F is applied, the magnitude of V F (i.e., |V F |) of BRS is always smaller than that of URS, as shown in figures 2(a) and 3(a). To investigate this interesting behaviour more systematically, we performed the forming operations with 50 cells for each RS by applying negative V F . Figure 4 
Computer simulation studies of BRS forming
A few years ago, we introduced a new type of percolation model, the random circuit breaker (RCB) network model, to explain most of the experimental characteristics of URS [20] . In this statistical physics model, we approximated the RS medium as an electrical network composed of circuit breakers with bistable states. Simulations based on the RCB network model demonstrated that URS can be explained in terms of collective connectivity changes of conducting channels, i.e., circuit breakers in the on-state. In particular, URS forming can be viewed as the generation of a percolating conducting channel under an external voltage, which corresponds to a soft dielectric breakdown in nature.
It should be noted that the only difference between the geometries of Pt/Ta 2 O 5 /TaO x /Pt and Pt/TaO x /Pt cells is the existence of the highly insulating Ta 2 O 5 layer near the top electrode. Therefore, we have to explain how the insertion of a Ta 2 O 5 layer can convert the URS of Pt/TaO x /Pt cells into BRS. In addition, we have to explain all the experimental observations that were made during BRS forming, as reported in section 3.
The interface-modified random circuit breaker network model
To understand BRS forming in Pt/Ta 2 O 5 /TaO x /Pt cells, we used simulations based on the interface-modified RCB network model [37, 38] . Note that this modified percolation model provides a unified scheme that can explain BRS as well as URS [37, 38] . As shown schematically in figure 5 , this model divides the switching medium into two regions, each of which is represented by a network composed of circuit breakers with different bistable resistance states. The green and grey circuit breakers in figure 5 represent the Ta 2 O 5 and TaO x layers, respectively.
For each kind of circuit breaker, we should provide proper switching rules between the corresponding bistable resistance states. Because the TaO x layer showed URS, we presented switching rules between its bistable states with low resistance r bulk l (the red circuit breakers) and high resistance r bulk h (the grey circuit breakers). For URS, both selection rules are assumed to be independent of the voltage polarities, as displayed at the bottom of figure 5. For the Ta 2 O 5 layer, we assumed that the interfacial layer has other bistable states with low resistance r int l (>r bulk l , the black circuit breakers) and high resistance r int h (>r bulk h , the green circuit breakers). To explain the BRS behaviour, we assumed that the switching rules between r int l and r int h depend on the voltage polarities, as displayed at the top of figure 5. The polarity dependence To describe forming and the following operational processes of BRS in Pt/Ta 2 O 5 /TaO x /Pt cells, we performed computer simulations in a two-dimensional bond percolation network of 19 × 40 circuit breakers. Even though the samples used in our experiments were three-dimensional objects, we think that two-dimensional simulation is sufficient due to the vertical direction of the electric field to the electrode. In figure 5 , the top five rows represent the interfacial region and the following 14 rows represent the bulk region. To represent the inhomogeneity of a pristine cell, we assumed that small randomly chosen portions of the circuit breakers are initially in the low-resistance states in the interfacial and bulk regions. To describe BRS forming in the single-layer system, i.e., the Pt/TaO x /Pt cells, we also performed computer simulations without the interfacial region.
The details of the switching rules and simulation conditions are as follows. We used resistance values of r int h = 10 000 , r int l = 200 , r bulk h = 2000 , and r bulk l = 1 . We imposed the constraint that the 19 × 40 lattice be linked with a periodic boundary condition in the row. We applied an external voltage V ext along the vertical direction. To describe the initial inhomogeneity inside the cell, we assumed that about 2% of the circuit breakers were in the r int l and r bulk l states in the interfacial and bulk regions, respectively. With this initial lattice, we increased V ext from zero. At each voltage step, we calculated all the voltages across each bond v by solving the Laplace equation with the boundary condition for fixed V ext . In this simulation, we used the successive over-relaxation method to obtain the set of v [39] .
With the calculated set of v for a given configuration, we checked whether resistance switching could occur in any circuit breakers. In the interfacial region, . Using these switching rules, we checked whether switching could occur for each circuit breaker. When switching did not occur in any circuit breaker, we increased V ext and repeated the calculations. However, when switching occurred for at least one circuit breaker, we recalculated all v across each bond for the fixed V ext . We repeated this time evolution process until an equilibrium state was reached.
Simulation results for both URS and BRS
Our computer simulations, based on the interface-modified RCB network model, can explain most of the experimental observations of URS and BRS. (1) For the single-layer system, they predict the URS phenomena, as indicated by figures 2(d) and (e). The predicted I-V curves are symmetric about the polarity change. (2) For the double-layer system, they predict that BRS can occur. As shown in figures 3(d) and (e), the predicted I-V curves are asymmetric about the polarity change. Comparison of the simulation results with the corresponding experimental data demonstrates how well our simulations can describe most of the details of our experimental results.
In addition, our simulations can explain all the experimental observations of both URS and BRS forming. (3) After URS forming, the cell enters the on-state for both polarities, as indicated by the star and diamond symbols in figures 2(d) and (e). Conversely, after BRS forming, the cell enters the on (off)-state when negative (positive) V F is applied, as indicated by the star (diamond) symbols in figures 3(d) and (e). (4) For BRS forming, the current change at negative V F is much more abrupt than that at positive V F , as shown in figures 3(d) and (e). (5) Comparisons between the V F values show that the BRS |V F | is smaller than that of URS with negative V F , and vice versa. We also performed many simulations and calculated the W(|V F |) curves for negative V F . As shown in figure 4(b) , the |V F | of BRS is smaller than that of URS with negative V F .
Basic mechanisms of BRS forming
One advantage of the computer simulations based on the interface-modified RCB network models is that we can look at a snapshot of the circuit breaker configurations for a desired state and visualize what happens during each process. To understand the basic mechanisms of BRS forming, we looked into the circuit breaker configuration while we swept the applied voltage. Figure 5 shows the configuration changes while we increased V with either negative or positive polarities in a sweep mode. Out of the 19 × 40 square lattice, we only show the region where a nearly percolating channel with r int l and r bulk l formed. The left snapshot in figure 5 shows the initial configuration. In each series, the first three diagrams show the configurations when |V| < |V F |, and the following diagrams show the time evolution of the configuration at
The upper series of configurations in figure 5 shows what happens under negative polarity. Initially, a conducting channel starts to form at the interfacial region. Microscopically, such a channel formation might come from either an oxygen vacancy migration [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] or charge trap centres [17] [18] [19] . However, in our model, we were only concerned with the connectivity changes in the conducting circuit breakers, so we ignored its microscopic origin. When the conducting channel becomes percolating throughout the interfacial region, soft dielectric breakdown occurs suddenly in the bulk region. The external voltage at this moment corresponds to V F . After forming, it will enter the on-state, in agreement with the experimental observation in figure 3(a) .
Under negative polarity, the BRS |V F | values are smaller than those of URS. With a different initial configuration, the predicted V F value can be varied. By choosing the initial configuration randomly, we calculated W(|V F |) for BRS. The closed red circles in figure 4(b) show W(|V F |) for BRS forming. We also performed the simulations without the interfacial region, i.e., for URS in the single-layer system. The blue open circles in figure 4(b) show W(|V F |) for URS forming. In agreement with the experimental result in figure 4(a) , the |V F | of BRS can be smaller. The reason why |V F | can be smaller for BRS is that the percolating conducting channel in the interfacial region plays the role of a 'lightning rod' for the soft dielectric breakdown in the bulk region, so it becomes easier for BRS to experience soft dielectric breakdown. Furthermore, the associated current change at negative V F should be quite abrupt.
The lower series of configurations in figure 5 shows what happens under positive polarity. Initially, there are no changes in the conducting channels in either the interfacial or the bulk regions below V F . When V reaches V F , soft dielectric breakdown occurs in the bulk region, but a conducting channel percolates through the bulk region only. After forming, it will enter the off-state, in agreement with the experimental observation depicted in figure 3(b) . It should be noted that most of the external voltage should be applied to the circuit breakers in the interfacial region due to their higher resistance values. (However, these circuit breakers do not change their resistance states due to the polarity-dependent switching rules.) Thus, |V F | under positive bias should be much larger than those under negative bias. Furthermore, the current flow at V F should be limited by the high resistance value of the interfacial region, so the associated current change at positive V F cannot be as abrupt.
Our simulations, based on the interface-modified RCB network model, can explain all our experimental observations of BRS forming described in section 2. Therefore, the basic mechanism of BRS forming in our Pt/Ta 2 O 5 /TaO x /Pt double-layer system can be understood simply in terms of polarity-dependent RS in the Ta 2 O 5 layer and soft dielectric breakdown in the TaO x layer. The soft dielectric breakdown can explain why localized conducting channels have been observed in numerous earlier studies in BRS [5] [6] [7] 14] . In addition, our simulations provide an effective way to study BRS behaviour at a quantitative level.
The importance of forming in enhancing BRS endurance properties
The endurance of RRAM represents how repetitively resistance can be switched between the on-and off-states, so it is a very important reliability issue for RRAM [15] . By controlling the applied voltage during the forming process, we found that we could improve the endurance of BRS in Pt/Ta 2 O 5 /TaO x /Pt cells significantly. To examine the endurance, we drove the BRS forming by applying a pulse signal with a forming voltage value of V f . (Note that we used a pulse in this experiment, as in the operation of actual RRAM devices.) As described in section 3.3, the compliance current was self-limited in this case. After forming, we performed RS operations between off-and on-states by sweeping voltages of 0 V → +4 V → 0 V (reset) and 0 V → −4 V → 0 V (set), respectively. At each resistance state, we read a resistance value by applying a readout voltage of 0.1 V.
We found that the value of |V F | can affect the endurance significantly. As shown in figure 6 (a), with V f = −4 V, BRS can be repeated many times. However, as shown in figure 6 (b), with V f = −6 V, the cell failed to show BRS after only 40 switching cycles, and then the resistance state remained in the on-state. When we increased the sweeping voltage on the failed cell, BRS could be recovered for a while but failed again after a certain number of cycles. In addition, the resistance values of the off-states in figure 6(b) are smaller than those in figure 6(a) . At this moment, the origins of such enhanced endurance for the sample formed with lower voltage are not clear. There have been several reports that the endurance property is related to the reversible oxidation and reduction in an interfacial oxide layer by oxygen vacancy or ion movements [40] [41] [42] [43] . The excellent agreement between our experimental data and theoretical predictions suggests that collective connectivity changes in the r int l in our interface-modified RCB network model might mimic the oxygen vacancy or ion movements.
To obtain further insights into what could happen during the forming process with different V f values, we performed computer simulations using the interface-modified RCB network model and looked at the snapshots of the circuit breaker configurations. The left snapshot in figure 7 displays the initial state configuration. With V f = −4.3 V, the percolating channel first appears in the interfacial region and plays the role of a lightning rod for soft dielectric breakdown in the bulk region. In addition, the percolating channel in the bulk region seems to be singly connected. In the BRS set and reset operations, the percolating channel in the bulk region experiences little change, and all the actions related to set and reset operations occur in the interfacial region [38] . Due to the sharp rod-like geometry of the percolating channel, a very high electric field will be generated in the interfacial region at the end of the bulk percolating channel, which makes the following BRS operations reliable. On the other hand, with V f = −5.8 V, a multitude of thick percolating channels initially appears in the interfacial region. After this, the percolating channels in the bulk region after soft dielectric breakdown appear to be multiply connected. The multiple connection explains why the resistance values of the off-state are smaller than those with lower V f . Since the relatively dull geometry of the conducting channel could affect the oxygen vacancy movements under external voltage, the RS might be degraded in the later operations. Our simulation studies show that further research on the connectivity issue is highly desirable for the understanding of the V f -dependent endurance. They also indicate that forming voltage control is important for obtaining reliable RRAM operation.
Conclusions
We systematically investigated changes in the physical properties of Pt/Ta 2 O 5 /TaO x /Pt cells due to BRS forming. To obtain deeper insight, we compared them with URS forming changes in Pt/TaO x /Pt cells. In this single-layer system, URS forming is known to occur by soft dielectric breakdown. We found that a highly insulating Ta 2 O 5 layer can convert URS into BRS and plays important roles in BRS forming. Using the interface-modified RCB network model, we could explain all of the experimental observations of BRS forming in Pt/Ta 2 O 5 /TaO x /Pt cells. During the forming of this double-layer system, the percolating channels inside the TaO x layer occur by polarity-independent soft dielectric breakdown, but those inside the Ta 2 O 5 layer occur by polarity-dependent physical processes. Our model explains why the forming is much softer for BRS. We also showed that the endurance properties of BRS can also be enhanced by proper control of the forming.
